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(54) [Title of the Invention] LASER ANNEALING APPARATUS 
(57) [ABSTRACT] 

5 [Object] To reduce an annealing time by decreasing the number of scanning operations with a 
laser light in laser annealing using CW laser light. 

[Structure] C W beams of laser light 2a, 2b, 2c, and 2d in the ultraviolet range are outputted 
from laser devices la, lb, lc, and Id. The directions of polarization of the beams of laser 
light 2a and 2b are orthogonal to that of the beams of the laser light 2c and 2d, and the beams 
10 are coupled in such a manner that the beams overlap with each other by means of a polarizing 
beam splitter 6. The coupled beams pass through a cylindrical lens 7, and are then 
concentrated on a substrate 10. 

[Effect] This prevents characteristics of boundaries between different areas which are 
exposed to laser light from being degraded. Even when the entire surface of the substrate is 
15 annealed, it is possible to greatly reduce the number of scanning operations of a laser light, so 
that an annealing time can be reduced. 

[Scope of Claims] 

[Claim 1] A laser annealing apparatus comprising: 
20 a plurality of laser devices each of which produces continuous outputs with a 

wavelength of 0.4 micron or less; 

a polarizing beam splitter which couples a plurality of laser beams obtained from 
the laser devices; and 

an optical system which concentrates laser light into a line. 
25 [Claim 2] The laser annealing apparatus including nonlinear optical crystals inside 
resonators in the laser devices in claim 1 . 
[Claim 3] A laser annealing apparatus comprising: 

a laser device which produces continuous outputs with a wavelength of 0.4 micron 
or less; and 
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an optical system which concentrates laser light into a line. 

Petailed Description of the Invention] 
[0001] 

5 [Industrial Field of Application] The present invention relates to a laser annealing apparatus, 
particularly to an apparatus for annealing a film formed of silicon (hereinafter referred to as 
Si). 
[0002] 

[Conventional Art] As one of general means for recrystallizing an amorphous silicon Si 
10 (hereinafter referred to as a-Si) film, there is laser annealing and studies aimed at increasing 
electron mobility of thin film transistors (hereinafter referred to as TFTs) (referred to as 
"electron mobility improvement") by laser annealing are done. According to the studies, 
after an a-Si film to be a channel layer can be deposited in a non-ciystalline (namely 
amorphous) state, it can be irradiated with laser light to be reformed into polycrystal. 
15 Alternatively, polycrystalline Si (hereinafter referred to as p-Si) can be irradiated with laser 
light to obtain higher mobility. 

[0003] Conventionally, for this kind of laser annealing, an excimer laser or an argon ion 
laser (hereinafter referred to as Ar laser) have been used. 

[0004] In the case of using an excimer laser, when a substrate is irradiated with obtained 
20 pulsed laser light, only an area of a square, approximately several millimeter on a side can 
be annealed generally by one time irradiation. Therefore, in order to anneal a whole 
substrate generally having a size of several tens of square centimeters, an area to be 
irradiated with each pulse of a laser beam is changed to cover the entire surface. 
[0005] Further, in the case of using an Ar laser, laser light is required to be concentrated 
25 small using a lens to increase intensity of the laser light to be applied, for the following two 
reasons. 

[0006] Since laser light obtained from an Ar laser has a continuous output (hereinafter 
referred to as CW) of approximately several W, which is lower by several orders of 
magnitude compared to the power of an excimer laser having a peak power of several MW 
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or more. Further, the oscillation wavelength of an Ar laser is 488 nm or 514.5 nm of which 
light absorption coefficient with respect to Si is low as approximately 10 4 /cm as can be seen 
from light absorption properties (with respect to the wavelength 514.5 nm, a value indicated 
by an arrow on the right side in the diagram) of a-Si shown in FIG 3. Accordingly, the 
5 laser light penetrates to a portion deeper (as deep as approximately 1 micron) than a portion 
in the film, which is required to be annealed, so that energy of laser light, which is actually 
used for annealing is reduced. 

[0007] In view of the above, the laser light is necessarily concentrated to a small spot having 
a diameter of approximately several tens of microns or less to increase the intensity of the 
10 laser light to approximately 10 5 W/cm 2 . The substrate has been moved while being 
irradiated with the laser light, thereby scanning the area to be annealed, with the laser light 
[0008] 

[Problems to be Solved by the Invention] In the above conventional method, there has been 
a problem below in a method using an excimer laser. 
15 [0009] When pulsed laser light is applied to a substrate, the beam intensity distribution is 
uniformed with a beam homogenizer, so that pulses of the laser light slightly overlap with 
each other. As a result, there would be an area irradiated with the pulsed light twice, which 
makes electrical characteristics vary at the area in the substrate. 

[0010] Further, in a method using an Ar laser, there has been a problem explained below. 
20 That is, since irradiation is performed with a small spot diameter of approximately several 
tens of microns, a thin band having a width of approximately several tens of microns is 
annealed by one time scanning. Therefore, in order to anneal the entire surface of the 
substrate, several thousand times of scanning is required, which has been a problem in 
terms of throughput. 

25 [001 1] An object of the present invention is to solve the problems described above. 
[0012] 

[Means to solve the problems] In order to achieve the object, the present invention includes 
a laser device which produces CW laser light having a wavelength of 0.4 micron or less and 
an optical system which concentrates laser light to a linear shape. 
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[0013] Further, the present invention includes at least two such laser devices as above in 
order to reduce the number of scannings and to perform annealing uniformly, and a 
plurality of laser beams obtained from them were coupled using a polarizing beam splitter. 
[0014] Further, the present invention includes a nonlinear optical crystal inside a resonator 
5 in the laser device in order to obtain high output CW laser light having a wavelength of 0.4 
micron or less, prevent losses of the laser light when the beams of laser light are coupled 
with the polarizing beam splitter, and make the width of the laser light, which is 
concentrated by the optical system which gathers a laser light into a line, be 10 micron or 
less. 
10 [0015] 

[operation] First, in the present invention, since CW laser light is used, annealing can be 
performed continuously by scanning the substrate or laser light; thus, the problem of 
variation in electrical characteristics which is caused due to the overlapping of pulses does 
not arise unlike in the case of using the excimer laser. 

15 [0016] Further, when the wavelength is 0.4 micron or less, as shown in FIG 3, absorption 
coefficient of light with respect to a-Si increases rapidly compared to the absorption 
coefficient in the case of using an Ar laser by one order of magnitude or more. Accordingly, 
laser light to be applied penetrates the silicon film to only approximately 100 nm, and 
power of the laser beam to be absorbed into a portion in the film required to be annealed, 

20 which has a thickness of several tens of nm becomes ten times or higher. Therefore, an 
area which is ten times or more the area of the spot to which light is concentrated using an 
Ar laser can be irradiated at a time. 

[0017] Consequently, the width of an area to be scanned at a time can be ten times or more 
thicker than conventional, which makes it possible to reduce the number of scannings to 
25 one tenth or below; thus, the annealing time can be reduced significantly. 

[0018] Therefore, when a plurality of laser beams are used and coupled as follows, laser 
light which is concentrated by a cylindrical lens or the like which is an optical system 
concentrating laser light into a line can be made to have substantially uniform intensity 
distribution. 
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[0019] That is, when two laser beams of the plurality of laser beams are considered, if their 
polarization directions are orthogonal, they can be coupled using a polarizing beam splitter 
so that the laser beams travel in an overlapping manner with little loss. Thus, when they 
are coupled so that an end portion of one of the beams of laser light is superimposed on a 
5 center portion of the other beams of light, the superimposed laser light comes to have 
uniform intensity distribution. 

[0020] Further, in annealing which requires high output of several hundreds of mW or more, 
when CW laser light having a wavelength of 0.4 micron or less is used, it is advantageous to 
use the second harmonic of an Ar laser, a krypton laser, a solid-state laser using a crystal 
10 containing trivalent chromium ions, such as an alexandrite laser, or the like which are 
capable of CW lasing at a wavelength from 0.5 micron to 0.8 micron than a helium 
cadmium laser (having a wavelength of 0.325 nm, which outputs only several tens of mW) 
fundamentally lasing in the ultraviolet region because higher output can be obtained more ^ 
easily. 

15 [0021] Further, when the second harmonic is generated, in wavelength conversion where a 
nonlinear optical crystal is included inside a resonator in the laser device, which is called 
internal wavelength conversion, since only laser light of the second harmonic is obtained 
outside excluding the laser light of the original wavelength (hereinafter referred to as 
fundamental wave), there is no energy loss at a time of coupling using the polarizing beam 

20 splitter. 

[0022] Further, also since the second harmonic is perfectly linearly polarized light, the 
coupling can performed without loss by using the polarizing beam splitter. 
[0023] In addition, in the wavelength conversion, since the conversion efficiency is higher 
when the fundamental wave is in a low order mode close to a single mode, and the second 
25 harmonic is also in a low order mode close to a single mode. In a low order mode, since 
beam divergence angle is extremely small, when light is concentrated using a lens, it is easy 
to concentrate light to a small spot of approximately 10 micron or less. Accordingly, the 
width of the light concentrated using a cylindrical lens or the like can be made further 
smaller than several tens of microns that is a conventional spot diameter by approximately 
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one order of magnitude. Therefore, the width in the direction in which the laser light is not 
narrowed, can be made longer approximately tenfold, and the area which can be annealed 
by one time scanning can be further increased approximately tenfold. 
[0024] 

5 [Embodiment] Hereinafter, embodiments of the present invention will be described with 
reference to the drawings. 

[0025] FIG 1 is an illustrative diagram of a laser annealing apparatus 100 as a first 
embodiment of the present invention. 

[0026] The laser annealing apparatus 100 is used to recrystallize an a-Si film on a surface of 

10 a substrate 10 having dimensions of a square, approximately 10 cm on a side. 

[0027] Laser devices la, lb, lc, and Id are internal wavelength conversion type each using 
P-BaB 2 04 which is a nonlinear optical crystal for an Ar laser, and beams of CW laser light 
2a, 2b, 2c, and 2d of the second harmonic having a wavelength of 257 nm are obtained. 
These laser beams each have a beam diameter of approximately 4 mm, and the output is 

15 approximately 0.5 W. Further, the direction of polarization is in a horizontal direction as 
indicated by an arrow in the diagram (this is referred to as a P-wave). 
[0028] Among those four beams of laser light, the polarization direction of the beams of 
laser light 2a and 2b are rotated by 90 degrees after transmitted through wave plates 3a and 
3b to be in a polarization direction in a vertical direction (this is referred to as an S-wave). 

20 [0029] After the beams of laser light are reflected by small mirrors 4a, 4b, 4c, and 4d; 
beams of laser light 2c' and 2d' are reflected by a large mirror 5a and enters a polarizing 
beam splitter 6. At that time, since the beams of laser light 2c' and 2d' are P-waves, they 
have high transmittance of 99 % or more through the polarizing beam splitter 6. On the 
other hand, since beams of laser light 2a' and 2b' are S-waves, they have high reflectance of 

25 99 % or more on the polarizing beam splitter 6. Consequently, adjacent beams of four 
beams of laser light 2a", 2b", 2c", and 2d" overlap with each other as shown in the diagram. 
[0030] By the way, in the case of overlapping the beams of the laser light using the 
polarizing beam splitter 6, if the beams of the laser light 2a', 2b', 2c', and 2d' includes a 
fundamental wave having a wavelength of 514.5 nm, efficiency in combining laser light is 
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reduced as described below. 

[0031] In general, in the case of using a polarizing beam splitter, when the polarization 
direction is controlled, reflectance of 99 % or more with respect to P-waves and 
transmittance of 99 % or more with respect to S-waves are obtained, whereby coupling can 
5 be performed without loss. However, since the reflectance or transmittance corresponds to 
a certain wavelength, when the wavelength varies, the P-wave is reflected and the ratio of 
S-wave transmission increases. 

[0032] Contrarily, in the present invention, laser devices of interior wavelength conversion 
type is used as light sources; therefore, a fundamental wave is not taken out of the resonator. 
10 Thus, the laser beams 2a', 2b', 2c', and 2d' can be coupled by a polarizing beam splitter 6 
with a loss of approximately 1 %. 

[0033] Further, since the beams of laser light 2a', 2b', 2c', and 2d' are second harmonics 
and are linearly polarized, they can be combined by the polarizing beam splitter 6 without 
loss. On the other hand, also because light is randomly polarized easily when output is 
15 high, a conventional excimer laser, Ar laser, helium cadmium laser, or the like are not 
suitable as a light source of the present invention. 

[0034] After those coupled beams of laser light 2a", 2b", 2c", and 2d" are reflected by the 
large mirror 5b, they enter the cylindrical lens 7 which is a kind of optical systems and the 
laser light is concentrated to a line on the substrate 10. 

20 [0035] In the mean time, when laser light is concentrated using an ordinary lens without 
using the cylindrical lens 7 or the like and the laser beam oscillates in a low order mode, at a 
position adjacent to a focus where light is most concentrated; a spot diameter would 
generally be approximately several tens of microns or less. Therefore, when irradiation is 
performed aside from a focus of the concentrated light in order to increase irradiation area, 

25 problems to be described below will arise. 

. [0036] When the focus is above a surface of the substrate, light is focused in the air, so that 
there are cases where gas in the air is plasmatized or dielectric breakdown occurs. 
[0037] Further, when the focus is below the surface of the substrate, as laser light travels 
downward in the substrate, it is narrowed, whereby damage may be caused inside the 
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substrate. 

[0038] Contrarily, in the case of using the cylindrical lens 7 or the like, laser light is 
concentrated in only one direction; thus, even when the width of light concentration is 
several tens of microns, width in the direction orthogonal to that is equal to the diameter of 
5 the original laser beam. Accordingly, it is easy to make area where light is concentrated be 
ten times the area where light is concentrated by an ordinary lens or more. 
[0039] Further, the beam diameter of each of the four beams of laser light is approximately 
4 mm; however, since the beams overlap, the width of the concentrated light will be 
approximately 10 mm. Therefore, since the width of the concentrated light is narrowed to 

10 approximately 10 micron, the area to be irradiated with the laser light will be approximately 
0.001 cm 2 . Accordingly, laser light intensity is approximately 2000 W/cm 2 , which is lower 
than 10 5 W/cm 2 . However, absorption coefficient of Si with respect to light having a 
wavelength of 257 nm is approximately 10 6 /cm as indicated by an arrow on the left in FIG 
3; which is higher than that with respect to the fundamental wave of the Ar laser by 

15 approximately two orders of magnitude. As a result, even when the laser light intensity is 
lower, energy of the laser is sufficiently supplied into the a-Si film on the surface, and the 
film can be annealed. 

[0040] Further, the substrate 10 is placed on an XY stage 8, and when the substrate 10 is 
moved back and forth, scanning of laser light for irradiation can be performed. The 
20 substrate 10 has approximately 10 cm on one side. An area 11 having a width of 
approximately 10 mm in the drawing is annealed by one time scanning; thus, the entire 
surface can be annealed by ten times of scannings in total. Further, the present invention is 
especially suitable for the case below. 

[0041] When an active matrix liquid crystal display in which TFTs, a transparent electrode, 
25 scan lines, and signal lines are arranged on a glass substrate which is 35 cm wide and 45 cm 
long as the substrate 10, a driver circuit is provided internally on the same substrate as 
pixels. In such a case, since this driver circuit requires high speed operation, it does not 
operate with an electron mobility of approximately 0.5 cm 2 /V unlike the case of an a-Si TFT. 
Accordingly, circuit portion is required to have higher mobility. Therefore, after an a-Si 
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film is deposited on the entire surface of the substrate by plasma CVD (referring to 
chemical vapor deposition) method, the circuit portion is laser annealed. 
[0042] In this case, since a circuit region has a width of approximately from 5 mm to 10 mm, 
this region can be annealed by one time scanning by using the laser annealing apparatus 100 
5 of this embodiment 

[0043] Next, in this embodiment, laser light intensity distribution at an area where light is 
concentrated to a line on the substrate will be explained with reference to FIG 2. 
[0044] In FIG 1, among the beams of laser light 2a', 2b', 2c', and 2d', before they are 
coupled by the polarizing beam splitter 6, the laser light 2d' and the laser light 2c' travel in 

10 parallel with such an intensity distribution as shown in FIG 2A. Further, the laser light 2b' 
and the laser light 2a' travel in parallel with such an intensity distribution as shown in FIG 
2B. Thus, each one beam of laser light 2a', 2b', 2c', and 2d' generally has an intensity 
distribution with a shape in which intensity is high in the vicinity of the light axis at the 
center of the light and low away from the center. Therefore, although the laser light is 

15 narrowed to a line using an optical system for concentrating light, such as a cylindrical lens, 
the intensity distribution is to be intense at the center portion and weak away from the 
center at the position where light is concentrated. 

[0045] In contrast, when the beams of laser light are coupled by the polarizing beam splitter 
6, the beams of laser light 2b", 2d", 2a", and 2c" have such intensity distributions as shown 
20 in FIG 2C; thus, they are uniformed in a range of approximately 10 % or less. Even when 
the coupled beams of laser light are concentrated on the substrate, the intensity distribution 
is kept with the use of the cylindrical lens 7. 

[0046] Thus, stable electrical characteristics can be obtained irrespective of any area in the 
substrate to be annealed. 
25 [0047] 

The invention is structured as explained above; thus, there is no variation in 
electrical characteristics at boundaries between different portions irradiated with laser light. 
Further, even when the entire surface of the substrate is annealed, the number of scannings 
of laser light can be reduced by one order of magnitude to two orders of magnitude or 



10/11 



English Translation of JP5-226790 



more; accordingly, annealing time can be reduced. 

[0048] In particular, in the case of manufacturing an active matrix liquid crystal display, 
when a laser annealing apparatus of the present invention is used for laser annealing in order 
to provide a driver circuit internally on the same substrate as pixels, uniform electrical 
5 characteristics can be obtained by one time scanning. 

[0049] Further, the laser annealing apparatus of the present invention can be used other than 
annealing, for etching single crystal silicon, gallium arsenide, or the like utilizing a thermal 
effect of a laser . In such etching, conventionally, an Ar laser has been used; however, the 
wavelength is in the visible range; thus, there has been a problem as a problem in laser 
10 annealing described above since absorptance of a substrate or a source gas is low. 
Contrarily, when the present invention is used, etching can be performed in a short time 
even uniformly. 

[Brief Description of the Drawings] 
15 [FIG 1] An illustrative drawing of a laser annealing apparatus that is an embodiment of the 
present invention. 

[FIG 2] A distribution diagram of laser light intensity. 
[FIG 3] A diagram of light absorption properties of a-Si. 
[Reference Numerals] 

20 la, lb, lc, and Id: laser devices; 2a, 2b, 2c, 2d, 2a', 2b', 2c', 2d', 2a", 2b", 2c", and 2d": 
laser light; 3a and 3b: wave plates; 4a, 4b, 4c, and 4d: small mirrors; 5a and 5b: large 
mirrors; 6: a polarizing beam splitter; 7: cylindrical lens; 8: an XY stage; 10: a substrate; 1 1 : 
an area to be annealed; 100: a laser annealing apparatus. 

25 
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